ABSTRACT: Non-alcoholic fatty liver disease (NAFLD) is one of the most prevalent liver diseases associated with an altered lifestyle, besides genetic factors. The control and management of NAFLD mostly depend on lifestyle modifications, due to the lack of a specific therapeutic approach. In this context, we assessed the effect of carrot juice on the development of high fructose-induced hepatic steatosis. For this purpose, male weanling Wistar rats were divided into 4 groups, fed either a control (Con) or high fructose (HFr) diet of AIN93G composition, with or without carrot juice (CJ) for 8 weeks. At the end of the experimental period, plasma biochemical markers, such as triglycerides, alanine aminotransferase, and β-hydroxy butyrate levels were comparable among the 4 groups. Although, the liver injury marker, aspartate aminotransferase, levels in plasma showed a reduction, hepatic triglycerides levels were not significantly reduced by carrot juice ingestion in the HFr diet-fed rats (HFr-CJ). On the other hand, the key triglyceride synthesis pathway enzyme, hepatic stearoyl-CoA desaturase 1 (SCD1), expression at mRNA level was augmented by carrot juice ingestion, while their protein levels showed a significant reduction, which corroborated with decreased monounsaturated fatty acids (MUFA), particularly palmitoleic (C16:1) and oleic (C18:1) acids. Notably, it also improved the long chain n-3 polyunsaturated fatty acid, docosahexaenoic acid (DHA; C22:6) content of the liver in HFr-CJ. In conclusion, carrot juice ingestion decreased the SCD1-mediated production of MUFA and improved DHA levels in liver, under high fructose diet-fed conditions. However, these changes did not significantly lower the hepatic triglyceride levels.
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a disease that starts with simple fat/triglyceride accumulation in the liver (fatty liver) and can progress to hepatocellular carcinoma (HCC). NAFLD is one of the most prevalent health problems of affluent countries, which affects nearly 20∼30% of adult populations (1, 2) . Although the patho-physiology remains unclear, genetic, environmental, and lifestyle factors are implicated in the development and progression from simple steatosis to carcinoma. Among various lifestyle factors, consumption of high fructose corn syrup-sweetened soft drinks, is positively associated with the development of NAFLD, independent of metabolic syndrome in humans and experimental models. However, there is no specific and/or effective therapy to treat NAFLD, except for weight loss (1, (3) (4) (5) .
In this context, fruits and vegetables, rich sources of various potent phytonutrients/phytochemicals, fiber, minerals and vitamins are known to offer protection against life-threatening diseases such as cardiovascular disease, and some types of cancers, due to their anti-inflammatory and anti-oxidant properties (6) . Among commonly consumed vegetables, carrots are rich in fiber, carotenoids, vitamin E, C, and phenolic compounds (7) . Epidemiological, clinical, and experimental studies have shown that carrot consumption offers protection against oxidative stress, DNA damage, cancer, and inflammation (8) (9) (10) (11) (12) (13) (14) . Previously, Poudyal et al. (15) have demonstrated improved hepatic inflammatory condition and glucose tolerance after purple carrot juice administration in high carbohydrate and high fat diet-fed Wistar rats. In addition, Nicolle et al. (16, 17) have shown hypocholesterolemic and hypolipdemic effects of carrots in mice fed a cholesterol-enriched diet, while increased fecal sterol excretion and reduction of cholesterol absorption in rats due to lyophilized carrot feeding. However, so far, no study has addressed the effect of carrot (either in whole or of juice form) on lipid metabolism in a fructose-induced steatosis model. Therefore, the present study was aimed at assessing the effect of carrot juice on hepatic lipid metabolism in a high fructose diet-induced steatosis rat model.
MATERIALS AND METHODS

Materials
All chemicals used were of analytical grade. Triglycerides and glucose assay kits were purchased from BioSystems SA (Barcelona, Spain 
Experimental design
Twenty four male weanling Wistar rats were received from the National Centre for Laboratory Animal Sciences, National Institute of Nutrition, Hyderabad, India. They were divided into 4 groups consisting of 6 rats and were given either the control diet (n=12) or high fructose diet (n=12) with or without carrot juice (CJ) administration. The groups were designated as control (Con), control diet with carrot juice (Con-CJ), high fructose (HFr), and high fructose diet with carrot juice (HFr-CJ). Animals were housed individually with an ambient temperature of 22.0±1 o C, relative humidity of 50∼60%, 12-h light/dark cycle, and animals were given "humane care" in accordance with the principles of the guide to the care and use of experimental animals. The Institutional Animal Ethics Committee (IAEC) of the National Institute of Nutrition, Hyderabad, India approved the study (No. P08F/IAEC/NIN/6/2013/SMJ/WNIN M62). The isocaloric diet of AIN93G composition is provided in the Table 1, and carrot juice containing 0.3 mg of β-carotene was administered through oral route daily for a period of 8 weeks. Daily food intake and weekly body weight data were recorded. At the end of the experimental period, over-night fasted animals were anesthetized using isoflurane (nasal inhalation), blood was drawn from the retro-orbital sinus in ethylenediaminetetraacetic acid-coated tubes, and rats were immediately sacrificed by cervical dislocation. Various tissues were collected, weighed and stored at −80 o C for further analysis.
Carrot juice extraction and β-carotene estimation Carrots were purchased from a local market, washed in running tap water and juice was extracted using a mechanical juicer (Philips Juicer HR1861/00, Royal Philips, Amsterdam, The Netherlands). An average of 361 mL of juice was obtained per kg of carrots. Extracted juice was filtered through a nylon mesh and condensed nearly to 10% (i.e. ∼36 mL) using a digital rotatory flash evaporator with a chiller (CH-9230, BÜCHI Labortechnik AG, Flawil, Switzerland). From the condensed juice, β-carotene was extracted and estimated by previously reported methods using β-apo-8'-carotenal as the internal standard (18, 19 ). An average of 0.6 mL of juice containing 0.3 mg β-carotene was administered through an oral feeding tube. The variation in the β-carotene content of carrots from seasonal variation and varietal differences was controlled by maintaining a volume of juice that provided a dose of 0.3 mg β-carotene throughout the experiment.
Oral glucose and intra-peritoneal insulin tolerance tests (OGTT& IPITT)
At the end of week 6, over-night fasted animals were administered 2 g of glucose through oral route or 0.5 U of human recombinant insulin per kg body weight intra-peritoneally. Blood was drawn from the tail vein at 0, 15, 30, Values are represented as means±SE of 6 rats, except for FGF21 and β-hydroxy butyrate, 4 rats from each group. Data were analyzed by one way ANOVA with post-hoc least significance difference test. * Significantly different at P ≤0.05 compared between with or without carrot juice groups of respective diet.
1)
Con, control diet; Con-CJ, control diet with carrot juice; HFr, high fructose diet; HFr-CJ, high fructose diet with carrot juice.
2)
ALT, alanine aminotransferase; AST, aspartate aminotransferase; FGF21, fibroblast growth factor 21.
60, 120, and 180 min intervals for glucose measurement using a glucometer (Roche Diagnostics GmbH), and the area under curve (AUC) was calculated.
Insulin-stimulated 2-deoxy-D-glucose uptake in isolated soleus muscle Soleus muscles were removed immediately after the animals were sacrificed; muscle strips were tied in stainless steel holders at the tendon regions. Muscles were pre-incubated in pre-gassed Krebs-ringer-bicarbonate buffer containing 2 mM pyruvate for 20 min at 37 o C. Then, the buffer was replaced with fresh buffer containing insulin (1 U/mL) or without insulin for 10 min at 30 o C. Then, fresh buffer containing 2-deoxy-D-glucose (0.5 μCi/mL) was added and incubated for 10 min at 30 o C. 2-Deoxy-D-glucose uptake was measured by counting radioactivity in 100 μL of muscle homogenate by liquid scintillation counting as described by Bruning et al. (20) .
Plasma and liver biochemistry
Plasma biochemistry such as triglycerides, ALT, AST, glucose, insulin, C-peptide, RBP4, β-hydroxy butyrate (β-HB), and FGF21 levels was measured using commercially available kits. Retinol levels in plasma and liver were quantified as reported earlier (21) . Total lipids from liver were extracted and used to analyze the triglycerides contents and also for fatty acid composition by gas-liquid chromatography, after converting them into fatty acid methyl esters as previously reported (21) .
Histology and immunohistochemistry
Immediately after removal, liver tissue was placed in formalin solution and processed for histological examination, using hematoxylin and eosin (H&E) stained sections. Further, for immunohistochemistry, formalin-embedded sections were used for liver lipid droplet-associated proteins; abhydrolase domain containing 5 (ABHD5) and perilipin, as described earlier (21) .
Liver protein expression by immunoblotting
Liver tissue (100∼250 mg) was homogenized in T-PER tissue protein extraction reagent (Thermo Fisher Scientific, Rockford, IL, USA) supplemented with 5% protease inhibitor and 1% phosphotase inhibitor cocktails. Cell debris was discarded after a brief low-speed centrifugation at 200 g for 1 min at 4 o C. Then, the supernatant was used for immunoblotting by using antibodies against various desaturases [such as fatty acid desaturase (FADS) 1, FADS2, and stearoyl-CoA desaturase 1 (SCD1)] and elongases [namely, very long chain fatty acid elongase (ELOVL) 2 and ELOVL6]. β-Actin was used as a loading control and images were analyzed using the Image J 1.49 software (National Institutes of Health, Bethesda, MD, USA) (21) .
Gene expression by qRT-PCR Total RNA from liver was isolated, and a reverse transcription reaction was performed according to the instructions provided with the kit using 1.0 μg of total RNA. From the synthesized cDNA, gene amplification was carried out in LightCycler480 Real Time-PCR system (Roche Diagnostics GmbH), using pre-validated probes for rats (UPL probes; Roche Diagnostics GmbH) and genespecific primers. Relative expression was calculated by normalizing the expression data, using the endogenous expression of acidic ribosomal phosphoprotein (ARPP) (21) .
Statistical analyses
Values are expressed as means±standard error (SE). Data were analyzed by one-way ANOVA with post-hoc least significant difference test (post-hoc LSD). Expression data were log transformed and subjected to one-way ANOVA with post-hoc LSD test. Paired sample t-test was performed for muscle glucose uptake analysis. P-value≤0.05 was considered significant. IBM SPSS Statistics 19.0 software (IBM Corp., Armonk, NY, USA) was used for analyses.
RESULTS
Impact of carrot juice on body weight and plasma biochemistry The gain in body weight was comparable among the treatment groups, despite a significant reduction in food intake in carrot juice administered groups. Further, liver weights were not influenced by either high fructose or carrot juice feeding for eight weeks (Table 2) .
Eight weeks of high fructose and/or carrot juice feeding from weaning did not alter the levels of plasma triglycerides, FGF21, liver fatty acid oxidation marker, β-hydroxy butyrate and the liver injury marker ALT, possibly due to shorter duration. However, compared to the HFr diet, another liver injury marker, AST levels significantly decreased in the HFr-CJ group ( Table 2) .
Impact of carrot juice on liver biochemistry Compared to the control, feeding of HFr diet elevated triglyceride (P<0.013) and retinol (P<0.029) contents of the liver. On the other hand, carrot juice administration to HFr diet-fed rats increased the retinol levels significantly (P<0.001); however, reduction in triglycerides contents of liver was not statistically different when compared to the HFr diet-fed group (Fig. 1A and 1B) . In addition, histological examination of H&E-stained liver sections also showed similar changes in liver lipid accumulation, which was reflected in the lipid droplet-associated proteins, ABHD5 and perilipin of the liver by immunohistological staining (Fig. 1C) .
Fatty acid composition of liver showed ∼2 fold increase 
1)
in the monounsaturated fatty acids (MUFA) [palmitoleic (C16:1), and oleic (C18:1) acids] due to HFr diet consumption, while n-3 polyunsaturated fatty acid (PUFA) levels such as α-linolenic (C18:3) and docosahexaenoic acids (DHA, C22:6) decreased by 0.3 fold and 0.7 fold, respectively, compared to the control diet-fed group. On the contrary, the group that received the HFr diet with carrot juice, palmitic (C16:0), palmitoleic (C16:1), and oleic (C18:1) acids decreased significantly by 0.7, 0.5, and 1.3 fold, respectively, while DHA (C22:6) levels increased by 1.5 fold, when compared to the HFr diet alone ( Table 3) .
Impact of carrot juice on insulin sensitivity
Compared to the control, plasma glucose and insulin levels were found lower in the HFr diet-fed group; however, C-peptide and RBP4 levels were comparable. Further, the calculated AUG of glucose levels for both OGTT and IPITT remained unchanged across the various groups. In addition, basal and insulin stimulated-glucose uptake of soleus muscle were also comparable among all the groups (Fig. 2A∼G) .
Impact of carrot juice on liver fatty acid desaturases and elongases
From the gene expression data, it may be noted that among the various fatty acid desaturases, such as FADS1, FADS2, and SCD1, carrot juice administration along with either the control or HFr diet resulted in augmentation of SCD1 expression at mRNA level (2 and 1.8 fold, respectively), while no changes were observed with FADS1 and FADS2 (Fig. 3A) . On the contrary, SCD1 protein levels decreased by 0.4 fold and 4 fold, respectively in the control and HFr diet-fed groups (Con-CJ and HFr-CJ), due to carrot juice ingestion, when compared to their respective controls (Fig. 3B) .
ELOVL2 gene expressions in terms of mRNA levels showed significant increases by ∼2.0 fold in the carrot juice administered group, fed with control (Con-CJ) and HFr (HFr-CJ) diet, while a 1.4 fold increase in ELOVL6 expression was observed only in control diet-fed group (Con-CJ) (Fig. 3C) . However, the protein expressions of both ELOVL 2 and 6 were not statistically different (Fig.  3D) .
DISCUSSION
The main aim of this study was to assess whether carrot juice ingestion regulates the liver lipid metabolism in high fructose-induced hepatic steatosis rat model. It was observed that the administration of carrot juice for 8 weeks from weaning did not bring down the hepatic triglyceride levels significantly, which corroborated with liver histology and immunohistological findings on lipid droplet-associated proteins, ABHD5 and perilipin. However, there was an improvement in liver function as indicated by decreased AST levels, particularly in the group that received high fructose diet.
The MUFA, such as palmitoleic (C16:1) and oleic (C18 :1) acids are endogenously synthesized by SCD1, which inserts a cis double bond at delta 9 position of respective saturated fatty acids [palmitic (C16:0) and stearic (C18 :0) acids] and therefore, SCD1 is also known as delta-9 desaturase. These MUFAs play a key determinant role in triglyceride synthesis. Studies have demonstrated the role Fig. 2 . Impacts of carrot juice on insulin sensitivity markers. Results are expressed as means±SE of 7∼8 rats, except for muscle glucose uptake, 4 rats from each group. Plasma glucose, insulin, plasma C-peptide, and retinol-binding protein 4 (RBP4) levels, respectively (A∼D). Area under curve (AUC) of glucose for respective oral glucose tolerance test (OGTT) (E) and intra-peritoneal insulin tolerance test (IPITT) (F). Soleus muscle insulin-stimulated glucose uptake (fold change in % over basal glucose uptake) (G). Data were analyzed by one way ANOVA with post-hoc least significant difference test.
#
Significantly different at P ≤0.05 compared between control and high fructose group. Con, control diet; Con-CJ, control diet with carrot juice; HFr, high fructose diet; HFr-CJ, high fructose diet with carrot juice. Fig. 3 . Impacts of carrot juice on liver fatty acid desaturases and elongases. Results are expressed as means±SE of 3 rats for gene expression and 3∼4 rats for protein expression. Respective hepatic mRNA and representative immunoblots with densitometry analyses for FADS1, FADS2 and SCD1 levels (A, B). Respective hepatic mRNA and representative immunoblots with densitometry analyses for ELOVL2 and ELOVL6 levels (C, D). Data were analyzed by one way ANOVA with post-hoc least significant difference test. Significantly different at P ≤0.05 compared with the # control and high fructose group and * with or without carrot juice groups. Con, control diet; Con-CJ, control diet with carrot juice; HFr, high fructose diet; HFr-CJ, high fructose diet with carrot juice; FADS, fatty acid desaturase; SCD1, stearoyl-CoA desaturase 1; ELOVL, very long chain fatty acid elongase.
of SCD1 in high fructose diet-induced hepatic steatosis (22) (23) (24) (25) . It is well known that vitamin A and its metabolites are potent transcriptional regulators of SCD1 (26, 27) . Previously, we also reported up-and down-regulation of hepatic SCD1 in response to vitamin A-enriched and vitamin A-deficient diets, respectively (21, 28) . Hence, the finding of improved hepatic vitamin A status clearly affirms the involvement of vitamin A-mediated SCD1 up-regulation in carrot juice-ingested group at the transcriptional level.
On the contrary, despite increased SCD1, its protein levels decreased due to carrot juice feeding with the high fructose diet, which corroborated with the reduced hepatic MUFAs content, particularly, the SCD1-catalyzed products, such as palmitoleic (C16:1) and oleic (C18:1) acids. Besides hormones, various dietary factors/components, such as glucose, fructose, cholesterol, and retinoic acid induce SCD1 gene expression in liver. On the other hand, PUFA of n-6 and n-3 series and conjugated linoleic acid inhibit the expression of hepatic SCD1 gene (21) (22) (23) (24) (25) (26) (27) (28) (29) . Previously, studies by Heinemann and Ozols have demonstrated that the SCD1 is a short-lived protein, which undergoes rapid changes/degradation in response to hormonal and dietary factors. Studies have also reported that liver microsomal endopeptidase and plasminogen-like protein preferentially and selectively degrade the hepatic SCD1 protein respectively. Further, the regulation of SCD1 is considered to be highly diverse and its expression affected by various physiological and dietary factors (30) (31) (32) (33) . It is known that in eukaryotes, cellular protein and enzyme levels are tightly controlled by different mechanisms that include tran-scription/post-transcription and translational/post-translational modifications (34) (35) (36) . Although the data on SCD1 protein stability are lacking, we speculate that possibly other than the β-carotene (as the activity of β-carotene monooxygenase 1 is higher in rodents, mostly it is converted into retinol), the phyto-nutrients such as phytoene, phytofluene, chlorogenic acid, caffeic acid, and pcoumaric acid of the carrot juice may play a regulatory role in controlling the expression of SCD1 protein levels through the translational and/or post-translational modifications, including its protein stability. Perhaps, the precise mechanism is not addressed here. Nevertheless, this warrants further investigations, which may shed the light on the underlying molecular mechanisms that regulate the SCD1 protein levels, at least by some of these dietary factors.
Contrary to our previous study, where down-regulation of SCD1 both at protein and gene levels was associated with improved high fructose-induced hepatic steatosis (21) , in the present study, no such significant improvement in hepatic steatosis was observed. These findings rise a question that why the reduction in SCD1 did not bring down the hepatic triglycerides/steatosis? In general, age and duration largely affect the outcome of dietary factors, which also derive the support from our ongoing work, wherein the treatment of carrot juice to the younger rats significantly improved the high fructose diet-induced hepatic triglyceride content (unpublished data). Therefore, it is plausible that the ingestion of carrot juice from weanling period did not have pronounced effects and may require a longer duration.
Synthesis of long-chain PUFA involves various fatty acid desaturases and elongases (37) . In a recent study, we found that high fat diet feeding resulting in the elevation of liver DHA levels through ELOVL2 regulation in female mice, which also had high hepatic retinol levels (38) . Pauter et al. (39) have shown ablation of ELOVL2 resulting in impaired hepatic DHA synthesis. However, in the present study, increase in liver DHA levels by carrot juice did not accompany with an increase in the expression of desaturases (FADS1 and FADS2) and elongases (ELOVL2 and ELOVL6), particularly at protein levels and thus the data are apparently inconclusive. Nevertheless, the intracellular activities of these enzymes and the role of other elongases such as ELOVL1, 3, 4, 5, and 7, in DHA synthesis cannot be ruled out. On the other hand, several studies have reported the DHA-mediated attenuation of hepatic steatosis in clinical and experimental conditions including mouse primary hepatocytes (40) (41) (42) (43) (44) (45) . However, the increase in DHA levels did not elicit such response in the present study, which again implies that possibly the duration of treatment may not be sufficient to bring out the favorable changes, particularly in weaning rats.
In conclusion, carrot juice administration decreases the hepatic SCD1 expression at protein and improves the long-chain n-3 PUFA [DHA (C22:6)] content. However, these changes did not reduce the high fructose-induced hepatic steatosis significantly. Hence, the study underscores the role of age and duration in eliciting the beneficial effect or outcome of the dietary factors. Nevertheless, the data clearly show that the bioactive component(s) of carrot have a potent regulatory role on SCD1 expression at protein level, and thus, may pave a way for identifying and developing nutraceuticals against the metabolic diseases such as obesity, type 2 diabetes, and NAFLD, wherein SCD1 is a key player.
